Abstract Salinization of lakes in arid areas is a common phenomenon with harmful consequences and must be controlled for the better use of lake freshwater and for the conservation of the environment around lakes. Bosten Lake, located in Xinjiang (western China) and the largest inland freshwater lake in China, now experiences salinization. The salinization of Bosten Lake is studied herein by using a physically-based model. After qualitative analysis of lake salinization, the quantitative model is presented that describes the systems of water quantity-water quality-ecology (WQQE) in an integrated way and that simulates the changing processes of lake salinization in the past. On the basis of the WQQE model, an optimal model was also developed to investigate the best strategy for controlling salinization of the lake in the future. The results demonstrated that the developed models can be used to depict the physical process of salinization of Bosten Lake and to provide meaningful information on how to control this salinization.
INTRODUCTION
Salinization of lakes in arid areas occurs very commonly and some typical examples include Ebinur Lake, the largest saltwater lake in Xinjiang, western China; Sambhar Lake, located in an arid area of Rajasthan, India; the Aral Sea and Balkhash Lake, located in the arid areas of Central Asia; and the Great Salt Lake, the largest lake in Utah, USA. Salinization of lakes in arid areas may be caused by either natural factors, or human activities, or both. Many studies (e.g. Feng & Cheng, 1998; Williams, 1999; Alcocer et al., 2000; Zou et al., 2002; Migahid, 2003) reveal that the superfluous salts in lake water have done serious damage to the water quality and the health of people and animals, hence limiting efficient utilization of the water resources and jeopardizing the integrity of ecosystems. As lake freshwater in most arid areas is the only water resource on which people, animals and plants rely for existence, it is very important to protect freshwater lakes in arid areas from salinization.
Many studies have addressed salinization problems of lakes in arid areas. These studies have mainly focused on the following aspects: (a) Qualitative analyses of the causes of salinization and its direct and associated impacts on societies. For example, Williams (1999) discussed in detail the impacts of salinization of lakes, especially in terms of the social, economic and environmental costs, and also the management options. (b) Simulation of water quantity and water quality for the watersheds where lakes are located. For example, Moharana & Kar (2002) carried out a GIS-based simulation in a watershed in the Thar Desert. Pala (2003) used the conceptual analysis and synthesis of hydrographs (CASH) model to analyse rainfall and runoff data from the Kocadere rural catchment, Turkey. Xia et al. (2001a Xia et al. ( , 2003 developed a coupled hydrology-ecology model to simulate and predict the change of water resources and environment in the Bosten Lake basin. However, there have not been many studies on modelling the physical processes of lake salinization, nor on quantitative methods for controlling lake salinization. In order to understand the salinization processes of lakes in arid areas and to develop the best strategies to control or reduce the speed of the salinization process, it is necessary to develop a suitable methodology.
Bosten Lake, located in the Bayingolin Mongol Autonomous Prefecture of Xinjiang Uygur Autonomous Region in western China, is the largest inland freshwater lake in China. The water salinity of Bosten Lake has been greater than 1.0 g L -1 since the 1970s (up to 1.8 g L -1 in the 1980s) and is currently about 1.3 g L -1 . The lake has experienced salinization in the past. In this study, a physically-based model is developed that couples water quantity, water quality and ecosystem (WQQE) to analyse the salinization of the lake. Based on the WQQE model, an optimal model for controlling the salinization of the lake is developed to investigate the best management strategies for the control of the salinization of Bosten Lake in the future.
STUDY AREA
Bosten Lake is located within the stream system of the Kaidu and Kongque rivers in the south of Xinjiang Uygur Autonomous Region, an arid area in west China. In fact, it is at the end of the Kaidu River but the beginning of the Kongque River, as shown in Fig. 1(a) . Bosten Lake is divided into two parts: the Big Lake and the Small Lake (see Fig. 1(b) ). It is 55 km long from east to west and 20 km wide, on average, from south to north, and its average and maximum water depths are 7.5 m and 16.0 m, respectively, when the water level is 1048.5 m a.m.s.l. However, the lake becomes very shallow near the shores. The Bosten Lake basin is deep-dish shaped, with its bottom being quite level (Cheng, 1995) .
The study area covers five counties (Yanqi, Hejing, HeSuo, Bohu and Yuli), as well as QuErLe City. The Kaidu River divides the irrigated area in the watershed into an eastern and a western part. Bosten Lake is recharged by the Kaidu, Huangshuigou, and Qingshui rivers, among which only the Kaidu River is perennial. Rising in the west alpine zone covered perennially with snow, the Kaidu River is mainly recharged by glacier snow meltwater, as well as rainfall. The total length of the Kaidu River is 513 km, its catchment area is 2.2 × 10 4 km 2 , and its average annual runoff volume is 3.412 × 10 9 m 3 . One of the major gauging sites is the Dashankou hydrometric station. At the downstream Bolangsumu Water Allocation Station, the Kaidu River bifurcates into East and West streams, which respectively flow into the Big and Small lakes. As Bosten Lake is the at the end of the Kaidu River, but also at the head of the Kongque River, it has served many functions in the region, such as water supply for industry and the population, flood control, drought relief, environmental conservation in the basin. There is an emerging project of transferring water to the lower reaches of the Tarim River for enhancing the environment. Therefore, it is vitally important to protect Bosten Lake. However, the lake is threatened by salinization due to the largescale water reclamation in the source areas, excessive exploitation and utilization of water resources, reduction of inflow and increase of salt flux into the lake. It has been found that the water salinity of Bosten Lake increased from 0.6 g L -1 in 1958 to 1.87 g L -1 in 1988 (Xia et al., 2003; Zuo et al., 2003) .
QUALITATIVE ANALYSIS OF THE SALINIZATION OF BOSTEN LAKE
Bosten Lake has been regarded as a freshwater lake since recorded history (from 600 AD) (Xia et al., 2003) . The earliest records of water salinity of the lake stem from observations in 1958 by the Xinjiang Comprehensive Investigation Team of the Chinese Academy of Sciences, and the average salinity of lake water then was about 0.6 g L -1 . At that time, Bosten Lake was really a freshwater lake. However, since the 1970s, the observed data reveal that the salinity of the lake water has been generally over 1.0 g L -1 and Bosten Lake has become a slightly saltwater lake (Xia et al., 2003) . Water salinity is an important index indicating water quality of lakes in arid areas. When water salinity of a lake is higher than 1.5 g L -1 , drinking water supply can be threatened, and the lake water cannot be used for industrial purposes or irrigation when water salinity is higher than 2.0 g L -1 . In the arid region, where Bosten Lake is located, the average annual precipitation is only 68.2 mm, but the average annual potential evaporation rate is as high as 1800-2000 mm. Water salinity can easily increase with the salt accumulation in the lakes due to the high evaporation, even though the mineral content of inflow to the lake is low. Many lakes in arid areas, such as the Ebinur, Aral, and Balkhash, are saltwater lakes. For Bosten Lake, there is a lot of freshwater flow into and out of it, so that it remains a freshwater lake. However, the salinity of the lake increases if its inflow decreases, or the water circulation slows down. Utilization of water resources of the lake is limited along with the increase in water salinity of the lake. Currently, the water quality of Bosten Lake is relatively good because of the interactions of multiple natural factors over the past ten years, as will be discussed later. It is Bosten Lake that sustains the prosperity in the basin and has become the "lifeblood" of the people in the region.
From the many years' monitoring data of Bosten Lake, the average annual values of water salinity of the lake were calculated, as shown in Table 1 . The change trend is shown in Fig. 2 . Figures 3 and 4 show the annual and inter-annual changes of inflow to Bosten Lake, and the lake water level, respectively. It can be seen in Figs 2-4 that, from 1971 to 1991, the inflow to Bosten Lake (and hence its water level) decreased and at the same time its water salinity increased. However, since 1992, the inflow to the lake has increased greatly, its water level gradually increased, and its water salinity decreased. It is generally considered that the lake salinity decreases when the inflow and water level of the lake increase. However, this may not necessarily be the case in the future: the level and volume of water stored in the lake may increase or decrease, 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 Water salinity (g L 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 Average annual flow (m 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 Water level (m) Fig. 4 Water level of Bosten Lake. depending on a number of factors. The increase in inflow could lead to an increase in water level if the volume of water discharged from the lake does not grow. The water level may decrease if the volume of water discharged from the lake grows. The reduction in inflow may increase the water level if the volume of water discharged from the lake is strongly reduced; however, the water decreases if the volume of water discharged from the lake increases. Therefore, the increase or decrease in water level is a result of the water balance, being affected not only by inflow, but also by the volume of water discharged from the lake. Moreover, if the inflow and the water level of the lake increase, but the volume of water discharged from the lake decreases, then the water area of the lake expands, with the result being the increase of evaporation from water surface of the lake. The annual evaporation of Bosten Lake is as high as 1.37 × 10 9 m 3 , consuming about one third of the total inflow into the lake. As time passes, the quantity of accumulated salts in the lake gradually increases, and so does the water salinity. If the inflow and water level of the lake decrease, but the water volume discharged from the lake is maintained, then the water area and the evaporation from water surface of the lake decrease, but the quantity of salts carried away with streamflow from the lake may not be reduced, and the water salinity of the lake decreases. Furthermore, the lake salinity possibly increases with increase in the quantity of salts carried into the lake with streamflow; for example, if the quantity of salts drained from farmlands in the peripheral regions of Bosten Lake increases, so does the water salinity. When the water level of Bosten Lake is high, the groundwater depth beneath the peripheral regions of the lake is shallow, thus the evaporation is high, and the water salinity of the lake will be increased. These give an indication that the increase in water salinity is caused by the decrease in water level of the lake. Lake salinization is affected not only by lake water level (storage capacity), but also by the water circulation capability of the lake and the quantity of salts drained into the lake.
The analysis above reveals that the change in water salinity of the lake is not only related to its water level, but is a result of the complex interaction among many factors. These factors include the salt quantity drained into the lake, the inflow and water level of the lake, water quantity and salt quantity discharged out of the lake, and the quantity of salts carried away by other pathways. The change in water salinity of the lake is simultaneously affected by these factors and is a complicated dynamic process that needs some physically-based models to simulate and explain it.
DEVELOPMENT OF A MODEL TO REPRESENT SALINIZATION OF THE LAKE
From the above analysis, it can be seen that the salinization of Bosten Lake is a complicated dynamic process. In order to improve understanding, it is necessary to develop a physical model to represent the salinization process.
Model of the coupling system of water quantity, water quality and ecology
The model that can simultaneously describe the water quantity, water quality and ecology (WQQE) was developed to represent the change in water salinity in the Bosten Lake basin. The WQQE model includes three parts: water quantity balance, salt quantity balance and ecosystem simulation. The procedures for developing the model are summarized below.
Delineation of the sub-regions for calculation
First, the rivers, lakes (reservoirs) and other landforms are classified. Then, they are further divided into sub-regions, referred to as "calculation sub-regions". The procedures for classifying sub-regions are given in Table 2 . The Bosten Lake basin is divided into six calculation sub-regions: the upper and lower sections of the Kaidu River, the irrigated areas on the east and west sides of the Kaidu River, the Big and Small lakes. 
Development of the WQQE model for each calculation sub-region
Model of water quantity This model is developed based on the law of mass conservation, which is summarized as follows: (a) first, all the volumes of inflow and outflow in a calculation sub-region, including diverted water and recycled water, as well as other variables along a river section, are determined during a certain period of time; (b) according to the relationships between the unknown variables and the given variables, the unknown variables are expressed by the approximate functions of the given variables, and are then put into the models. For example, the volume of irrigation-recycled water (Q RH , unknown parameter) is approximately substituted by the volume of diverted irrigation water (Q RD , given parameter): Q RH = a 1 Q RD +a 0 , etc.; (c) the unknown parameters are identified and inserted into the models. According to the calculated multiple correlation coefficients, the regressed results are evaluated and the identified parameters are put into the model. The values of all the water volumes are calculated and checked to see whether or not the calculations can satisfy the law of mass conservation. The model is reckoned to be reliable only when the regressed results are reliable and the calculations can satisfy the law of mass conservation. The model of water quantity can be represented by the water-balance equation. For any time period of length , one can write the water-balance equation as:
where P is precipitation, G in groundwater inflow, Q in surface water inflow, E evapotranspiration, G out groundwater outflow, Q out surface water outflow, and ΔS the change in all forms of storage.
Model of water quality Similar to the development of the water quantity model, the model of water quality can also be developed based on the law of mass conservation for the salt. For any time period of length Δt, one can write the saltbalance equation as:
where V 1 and C 1 are, respectively, volume and average water salinity of the lake at the beginning of the calculation period Δt; C p is average water salinity of precipitation P; C Gin and C Qin are, respectively, average salinity of groundwater inflow G in and surface water inflow Q in ; C Gout and C Qout are, respectively, average salinity of groundwater outflow G out and surface water outflow Q out ; and V 2 and C 2 are, respectively, volume and average salinity at the end of the time period t Δ .
Model of ecosystem
The lake ecosystem is complex and thus it is difficult to develop a precise mathematical model to describe it. In this study, an artificial neural network (ANN) model is used to simulate the lake ecosystem. The model has the following characteristics: (a) it can represent the complicated nonlinear relations of ecosystems; (b) the development of the model is mainly based on observed data, and there is no need to carry out further experiments and identify the parameters of the model; (c) it has a powerful learning function, i.e. when the environment of ecosystems is changed, the model can re-learn and monitor the change in ecosystems if the new data are fed into the artificial network as inputs; (d) it is easy to operate; and (e) it can be used to predict the change of output factors of ecosystems when the input factors are changed.
Here, water quantity, water quality and the related variables are taken as the input factors, and the comprehensive index of the environment quality or the index of ecological status (such as the plant distribution area) can be regarded as an output factor. According to the method of ANN model, the "learning mode" should be derived first by learning, and then the output factors of the system can be predicted based on the changed input factors of the system in the future.
The average lake water levels h 1 and h 2 of the present and past years, the average lake water salinities, C 1 and C 2 , of the present and past years and a "man-made interference" parameter, μ, are selected as inputs. Reed area, F, and its yield, W, are selected as outputs. The ANN model includes one input layer (five neurons), one hidden layer (six neurons) and one output layer (two neurons). The output F or W, generally represented by Y(t), is assumed to be related to five inputs, using a general nonlinear model structure:
where f non […] is the unknown nonlinear mapping function, and e(t) is the unknown mapping error (to be minimized).
Coupling of sub-models
The above three models of water quantity, water quality and ecosystem are correlated and interdependent, and they must be coupled together to simulate and predict the change in the whole system. The basic concept is to proceed with iterative calculations by using the three models for each sub-region until the error is smaller than a requested value. The coupling relationship of the sub-models is illustrated in Fig. 5 .
Model of water quantity

Model of water quality
Model of ecosystem parameter parameter parameter Fig. 5 Coupling relationship of the three sub-models.
Calibration of the WQQE model
The model is constructed for each sub-region first and then combined for the whole system. The model needs to be verified to prove its usefulness for representing the physical process of lake salinization. One of the verification methods is to take the simulated values as input values and put them into the model to verify the regressed results of the main intermediate variables. Another verification method is to evaluate the sensitivity of the system for changes in one or several variables. Both water quantity and quality were simulated using the above developed model to investigate its applicability for representing the process of lake salinization. The simulation results are illustrated in Figs 6 and 7, respectively, for monthly water quantity and quality in the past. By comparing the simulation results with observations, it can be seen that the model performs well in both water quantity and quality aspects, and that the model can simulate the change in the salinization process of the lake. The relative errors for annual water quantity and quality are 5.09 and 9.21%, respectively. For such a large lake as Bosten Lake, the salinization process is very complicated and has many uncertainties. Taking this into account, the results obtained by the model can be considered satisfactory and the model can be regarded as reasonably representing the physical processes of the lake. The model had been used as a "basin hydro- ecosystem model", and included in an optimal model for sustainable water resources management, with satisfactory results (Xia et al., 2001b) .
Simulated results and discussion
The WQQE model couples the water quantity-water quality-ecosystem together. The relationships between the change in salt content and changes in the other factors are Fig. 8 The change in water salinity in Bosten Lake calculated by the four scenarios. quantitatively expressed. These relationships can be used as the basis to predict the change in water salinity and to control salinization of the lake. In order to analyse the change in water salinity of the lake with the influencing factors in a clear way, four analysis scenarios are assumed, as presented in Table 3 . In Scenario 1, it is assumed that the volumes of inflow and outflow as well as the water level of the lake are similar to the multi-year averages, which are calculated with the time-series trend model (Zuo et al., 2002) . In Scenario 2, it is assumed that the volume of outflow of the lake is controlled to increase its water level. In Scenario 3, the volumes of both inflow and outflow of the lake are reduced; and in Scenario 4, the volume of outflow is maintained while reducing the volume of inflow, but the water level decreases.
The water salinity of the lake in 2004 is regarded as the starting point in the calculation. Based on the above four scenarios, the process of change in water salinization of the lake during the period 2004-2026 is calculated, as shown in Fig. 8 . From the results of simulation, the following conclusions can be drawn: (a) Reduction in the inflow volume of the lake cannot be explained as the unique reason for the increase in water salinity, and the water salinity possibly decreases under some special conditions (such as Scenario 4); (b) Reduction in the outflow volume of the lake is disadvantageous for the water circulation of the lake and can increase the water salinity (such as scenarios 2 and 3); and (c) The water level of the lake is not the only factor that affects water salinization, since water level and water salinity are not always positively correlated. The change in water salinity of the lake is affected by many factors and is the result of their combined effect. These conclusions are consistent with those drawn from qualitative analyses in the section on qualitative analysis, which demonstrates that the complicated coupling model, i.e. the WQQE model, is applicable to simulate the salinization of Bosten Lake, and the control of salinization of the lake should be based on this model.
SALINIZATION CONTROL OF BOSTEN LAKE
The above analysis demonstrates that the salinization of Bosten Lake is a complicated process that is influenced by water and salt circulations as well as by human activities. The water salinity of the lake is closely related to the salt circulation. Thus, the salt circulation itself should be considered as a dominant factor in controlling the salinization of lakes. The water circulation, ecosystems and social and economic development should also be considered, since they are closely associated with the salt circulation of the lake. These factors form theoretical bases for investigating a reasonable management procedure for limiting the salinization of the lake.
Optimal control models
In order to quantitatively express the sustainable development of society-economyecosystem, the model was developed by Xia et al. (2001b) . The principles of the model are explained below: (a) The degree of environmental quality can be derived by fuzzy mathematics as LI, . It is a comprehensive index used to measure the environmental quality. (d) An optimal model is developed to regulate and manage environmental systems in a sustainable way. The objective function is to find the highest value DD, i.e. max(DD). The constraints should include at least the minimum requirement of social and economic development level, EG 0 , the minimum requirement of environmental quality, LI 0 , restriction of the interaction between ecoenvironmental system and socio-economic system, and other restrictions. The interaction between the eco-environmental system and the social-economic system is modelled by coupling the eco-environmental system and the social-economic system and is expressed as SubMod(EE -SE). The optimized model is given by: Objective function: max(DD)
Subject to:
Other restrictions
Based on the above principles and the WQQE model, an optimal control model (OCM) of the lake salinization can be developed, which is explained below in detail.
Objective equation
The comprehensive index of the social, economic and ecosystem development (DD) in the study area is the highest, and is a typical objective function as analysed above, so the objective function of the model can be expressed as
Constraints
According to the control objectives of the OCM model, the lake must be maintained as a freshwater lake, and the integrity of the complex system composed of the water resources system, ecosystem and social-economic system should be ensured.
Simulation of water and salt circulation In the OCM model, the salt and water circulations should be quantitatively expressed. The WQQE model can be used to express the salt and water circulation, and can also be regarded as a restricting equation, which is embedded into the OCM model.
Control of salt concentration of the lake
The main objective of controlling salinization is to ensure that the lake is a freshwater lake in any given year. The salinity of standard freshwater is usually lower than 1.0 g L -1 . Therefore, to ensure the water salinity of the lake is lower than 1.0 g L -1 in a given year, a monthly scale is used in the OCM model:
where C s is the average monthly water salinity of the lake; Year is the serial number of year during the period in calculation; and Y 0 is the given year.
Interactions between water, salt, population, industry and agriculture Water is essential for both biotic and abiotic systems. It is an important natural resource and the substantial basis for national or regional economic and social development (e.g. agricultural and industrial production). The relationships between water resources and population, industry, agriculture respectively are given by:
where, X Ind , X Irrig , X Urban and X Rural are the industrial output value, effective area under irrigation, urban population and rural population respectively; α Ind , α Irrig , α Urban and α Rural are the volume of consumed water resources of industrial output value per 1.0 × 10 4 yuan, ratio of agricultural irrigation, per capita water consumption in urban areas and per capita water consumption in rural areas, respectively; W Ind , W Irrig , W Urban and W Rural are the water consumptions of industry, agriculture, urban and rural livelihoods, respectively. Equation (8) expresses the relationships between the industrial water consumption and industrial output value, agricultural water consumption and effective area under irrigation, and water consumption for general life and population.
The drained water volumes and salt quantities from industrial and agricultural production, urban and rural livelihoods, and ecosystems are quantified by:
where C Ind , C Irrig , C Urban , C Rural and C En are the average values of salinity of drained industrial wastewater, agricultural irrigation water, urban domestic sewage, rural domestic sewage, and recycled environment water; and ΣW C is the total quantity of drained salts. The equation expresses the quantities of drained salts from industry, agriculture, urban livelihood, rural livelihood and environment. The parameters of C Ind , C Irrig , C Urban , C Rural and C En can be derived from the historical statistical data or the temporal series models.
Control of water consumption for ecosystems
In order to satisfy the environmental water consumption demands in the basin and its peripheral regions, the discharge of the river is generally controlled to maintain a certain minimum value:
where Q s is the minimum value of discharge of the river, and Q m is the value of annual runoff volume at the control section.
Socio-economic development and environmental quality It is assumed that EG 0 and LI 0 are the minimum level of social development and economic growth and the minimum objective of environmental quality, respectively. The constraints on social and economic development and environmental quality are separately expressed as:
The above nonlinear optimal control model (OCM) is used to find out the measures for controlling salinization of Bosten Lake. In the model, the salinization process can be quantitatively explained, and the complexities and interactions of many social, economic and environmental factors can also be quantitatively described.
Control measures and discussion
The OCM model can be used to investigate optimal management measures for controlling the salinization of the lake. The model has considered three aspects, i.e. the socio-economic development, planning of resources utilization, and planning of environmental conservation. The control variables of the OCM model include: (a) water consumption including the diverted water volume of the Kaidu River Irrigated Area, exploited groundwater volume in the Kaidu River basin, and the volume of water discharged from Bosten Lake to the Kongque River; (b) control of social and economic development including the macroscale control of industrial and agricultural development; (c) control of ecosystems including the area of artificially bred Phragmites communis, the water level of the lake, and the water allocation ratio of the East stream to West stream at Bolangsumu Water Allocation Station. The results calculated using the OCM model are presented in Table 4 , which includes the social and economic development scale, planning of resources utilization, and planning of environmental conservation. The further discussions of the results are summarized as follows: 1. The volume of diverted irrigation water in the upper reaches of the Kaidu River (including the irrigated areas on the east and west streams) is too high, and the annual volume of diverted irrigation water is currently 1.025 16 × 10 9 m 3 . Thus, the inflow to Bosten Lake is reduced and its salt quantity is increased. This leads to the reduction in outflow of the lake, hindering its water and salt circulation, expediting its salinization, and finally restricting the local social and economic development. Therefore, it is an important aspect of both the local social and economic development and the salinization control to reduce the annual volume of irrigation water to a range between 5.8 and 8.5 × 10 8 m 3 in the upper reaches. 2. The volume of exploited groundwater is very low in the basin, and groundwater is exploited only in some urban areas. Thus, once the groundwater level is increased, land salinization becomes more severe, and the salt quantity drained from farmlands into the lake is increased. According to the calculated results, it is planned to maintain an annual exploited groundwater volume of about 5.0 × 10 8 m 3 by 2020.
3. The annual volume of outflow from the lake should be controlled at between 1.3 and 1.8 × 10 9 m 3 to ensure the water consumption in the lower reaches (i.e. the Kongque River Irrigated Area) and the water circulation of the lake and satisfy the water consumption required for local social and economic development. 4. In the basin, the industrial foundation is unsubstantial, and agriculture is dominant.
In order to develop the local economy and reduce water consumption, the economic structure should be regulated, in order to gradually increase the industrial scale and reduce the rate of agricultural development. 5. Bosten Lake was well-known for its high yield of Phragmites communis in the early 1960s. However, the yield, reserves and quality of Phragmites communis are reduced due to the local economic development and the irrational exploitation and utilization of water resources in the Bosten Lake basin, and the environment in the basin has degenerated. Therefore, the growth of Phragmites communis in the lake should be improved, and it is an effective way to enlarge the area of artificially bred Phragmites communis. 6. The water level of the lake is an important factor affecting salinization of the lake.
If the water level is high, the water area of the lake will be expanded, and the evaporation from water surface of the lake will be high, particularly as evaporation is the main cause of water loss in arid areas. If the water level of the lake is low, water and salt circulation will be reduced. Therefore, the water level of Bosten Lake should be controlled at a range of 1 045.0-1 047.5 m a.m.s.l. 7. The Kaidu River is bifurcated at Bolangsumu Water Allocation Station into the East and West streams, which respectively flow into the Big Lake area and Small Lake areas. The functions of these two lake areas are different: the Big Lake area is mainly used to control the discharge of the Kongque River, and Phragmites communis grows mainly in the Small Lake area. Therefore, it is very important to rationally allocate the volumes of stream water flowing into these two lake areas. As analysed above, the allocation proportions of the East and West streams at Bolangsumu Water Allocation Station should be controlled in a ratio ranging from 66:34 to 68:32 (see Table 4 ). Based on the above analyses, the factors affecting salinization of the lake include mainly the inflow, outflow and water level of the lake and the salt quantity drained from farmlands into the lake. Salinization of the lake is the joint effect of these factors.
CONCLUSIONS
In this paper, the WQQE model that can simultaneously describe the systems of water quantity-water quality-ecology is developed to represent the physical process of the salinization of Bosten Lake in western China. On the basis of the WQQE model, an optimal control model (OCM) is also developed and used to investigate the best strategy for controlling the salinization of the lake in the future. The results demonstrated that the developed models can be used to reasonably simulate the physical process of salinization of the lake and to provide meaningful information on how to control the salinization of the lake. From the models, the following insights are gained regarding the salinization of the lake: (a) the salinization of the lake is a very complex phenomenon depending on many factors involving the social, economic and ecological systems; and (b) the salinization of the lake is governed by many factors, such as the inflow, outflow and water level of the lake and the quantity of salt carried by irrigation water into the lake. Based on the simulation study, the possible management strategies for controlling the salinization of the lake in the future are summarized in Table 4 , which provides specific procedures on how to operate the lake under certain conditions to limit the salinization of the lake.
Although the models are developed to help resolve the salinization problems in Bosten Lake, the methodology and framework developed in this study may potentially be applied in modelling and controlling salinization of other lakes in arid areas, given that the process is similar in principle. Further studies are required to verify this, which are beyond the scope of the present work.
